Stellar bars are important internal drivers of secular evolution in disk galaxies. Using a sample of nearby spiral galaxies with weak and strong bars, we explore the relationships between the star formation feature and stellar bars in galaxies. We find that galaxies with weak bars tend to be coincide with low concentrical star formation activity, while those with strong bars show a large scatter in the distribution of star formation activity. We find enhanced star formation activity in bulges towards stronger bars, although not predominantly, consistent with previous studies. Our results suggest that different stages of the secular process and many other factors may contribute to the complexity of the secular evolution. In addition, barred galaxies with intense star formation in bars tend to have active star formation in their bulges and disks, and bulges have higher star formation densities than bars and disks, indicating the evolutionary effects of bars. We then derived a possible criterion to quantify the different stages of bar-driven physical process, while future work is needed because of the uncertainties.
Introduction
Stellar bars are ubiquitous in disc galaxies. Observed bar fractions range from one to two thirds in the local Universe, depending on the method to identify bars and the sample and wave-bands observed (Eskridge et al. 2000; Menéndez-Delmestre et al. 2007) . Bars are also found in galaxies up to z ∼ 1 (Sheth et al. 2008; Melvin et al. 2014) . Bars are one of the major internal drivers of secular evolution in galaxies (see Kormendy & Kennicutt 2004 , for review). The nonaxisymmetric gravitational potentials of bars can redistribute the angular momentum of gas and stars in galactic disks, induce large-scale streaming motions (Regan et al. 1995 (Regan et al. , 1999 Sakamoto et al. 1999; Sheth et al. 2005) , and result in an increase in gas mass and enhancement of star formation activity in the galactic central regions (Sérsic & Pastoriza 1965; Hawarden et al. 1986; Ho et al. 1997 ).
Many works, both theoretical and observational, have been made to explore the process of Bar-driven secular evolution. Numerical simulations have established that the gravitational torque of large-scale bars can make gas lose angular momentum, and allow it to inwards towards the galactic center (Athanassoula 1992; Sellwood & Wilkinson 1993; Piner et al. 1995; Athanassoula 2003) . Observations indicate that barred spirals have higher molecular gas concentrations in their central kiloparsec than unbarred systems (Sakamoto et al. 1999; Sheth et al. 2005) . The younger stellar populations and higher star formation rates (SFRs) in the bulges of barred galaxies are also found when compared with unbarred ones (e.g., Sérsic & Pastoriza 1965; Huang et al. 1996; Alonso-Herrero & Knapen 2001; Kormendy & Fisher 2005; Fisher 2006; Coelho & Gadotti 2011; Wang et al. 2012 ). Kormendy & Kennicutt (2004) showed the correlations between the surface densities of SFR and gas, and compared these correlations in circumnuclear star-forming rings in barred galaxies with those in disks of spiral galaxies. They found that both SFR densities and gas densities in circumnuclear rings are higher than those in the outer disks.
However, some observations found conflicting results as to how bar affected the evolution of disk galaxies. Ho et al. (1997) showed that the bars in late-type spirals have no noticeable impact on the likelihood of a galaxy for hosting nuclear star formation. Furthermore, there are some barred galaxies with no molecular gas detected in their nuclear regions where it may have been consumed by star formation (Sheth et al. 2005) . Using emission-line diagnostics to identify central star formation activity in galaxies, Oh et al. (2012) found that bar effects on central star formation seem higher in redder galaxies and are more pronounced with increasing bar length, but the effects on central star formation are not visible in blue galaxies. Similarly, Wang et al. (2012) found only strong bars result in enhanced central star formation in galaxies, but not weak bars do. Ellison et al. (2011) found enhanced fibre SFR and metallicities just exist in massive barred galaxies, and no significant correlation between SFR enhancement and bar length or ellipticity. Based on the Galaxy Zoo 2 data set, Cheung et al. (2013) studied the behavior of bars in disk galaxies and found that the trends of bar likelihood and bar length with bulge prominence are bimodal with specific star formation rates (SSFRs).
In previous studies, comparisons were often made between barred and unbarred galaxies, whereas the comparisons between the variation in stellar bar properties and their associated star formation are crucial to the understanding of the bar-driven secular process in galaxies. Thus, large sample and multi-wavelength data are required. In our previous work, three barred galaxies in different evolutionary stages were analyzed based on the data in different wavelength bands, they are NGC 7479 in Zhou et al. (2011, , hereafter Paper I) , NGC 2903 and NGC 7080 in Zhou et al. (2012, , hereafter Paper II) . In this paper, we use multi-wavelength data from optical to infrared (IR) to analyzes a relatively large sample of nearby barred galaxies (with both weak and strong bars, including from early to late Hubble types). We aim to statistically study the correlation between star formation activity and bar properties, especially its strength. This paper is organized as follows. In Section 2, we describe the selection of the sample and give a brief introduction of the data. In Section 3, we present the method used for image decomposition, and derive the structural characterization of our galaxies. We explore the correlations between the star formation and bar properties in Section 4. Then we discuss our results and explore the possible evolutionary episodes of bar-driven secular evolution in Section 5. Finally, we finish with our summary and conclusions in Section 6.
Sample and Data

Sample Selection
Our sample is mainly selected from three Spitzer local programs: the Spitzer Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003) , the Local Volume Legacy (LVL; Lee et al. 2008; Dale et al. 2009) , and the Infrared Hubble Atlas (Pahre et al. 2004a) . From all nearby galaxies in these programs, we selecte galaxies with bars, i.e., with Hubble type of SB and SAB. In addition, we apply an inclination cut to remove apparently edge-on galaxies (inclination > 65 • or ellipticity < 0.58), as well as removing objects that are obviously merging. This produce the final sample size of 50 galaxies. Table 1 shows the general properties of the 50 galaxies in our sample (see Figure 1) . The distances given in Table 1 were luminosity distances from the NASA Extragalactic Database (NED 1 ). The distance of the studied sample has mean value of 20.5 Mpc, and the maximum value of 63.6 Mpc. The standard isophotal galaxy diameters (D 25 ) are ∼ 3 ′ , with all sizes larger than 1 ′ . Galaxies in the sample include a wide variety of Hubble types. There are 27 SB galaxies and 23 SAB galaxies ranging from Sa to Sm, corresponding to the numerical morphological index T = 1-9. Figure 2 shows the distribution of morphology for all sample galaxies. In the following analysis we divided galaxies into early-type (T ≤ 4) and late-type (T ≥ 5) spirals. Thus, there are 30 early-type spirals and 20 late-type spirals in our sample. In the right panel of Figure 2 , we also plotted the distance and magnitude distribution of our sample.
Data Acquisition and Reduction
In order to investigate the properties of barred galaxies, we archived infrared images from the Spitzer Space Telescope (Werner et al. 2004 ) data archive. In optical wavelength, the narrow- NGC0023  NGC0266  NGC0337  NGC1097  NGC1512  NGC1566  NGC2403  NGC2903  NGC2964  NGC3049   NGC3184  NGC3198  NGC3274  NGC3319  NGC3344  NGC3351  NGC3368  NGC3486  NGC3521  NGC3627   NGC4020  NGC4051  NGC4136  NGC4288  NGC4303  NGC4314  NGC4394  NGC4491  NGC4535  NGC4548   NGC4569  NGC4579  NGC4580  NGC4647  NGC4654  NGC4725  NGC5248  NGC5377  NGC5457  NGC5713   NGC5832  NGC6701  NGC7080  NGC7479  NGC7552  NGC7591  NGC7741  NGC7798  UGC01249  NGC6946 Fig. 1.-The mass images of the galaxies in our sample. Overplotted are the SFR imaging contours, which are in arbitrary units, optimized to show and identify the structures of the star formation complexes. The galaxy names are specified in the panels, and north is up and east to the left. In the left panel, the morphological parameter T = 1-9 corresponds to the Hubble types Sa-Sm, and the sample is divided into SB and SAB galaxies. In the right panel, the distance used is luminosity distance from NED, and the sample is divided into early (T = 1-4) and late (T = 5-9) types, red circles for early-type galaxies and blue crosses for late-type ones.
band Hα images from ground-based telescopes are collected and used to analyze the star formation activity in galaxies. In the following section, we provide the multi-wavelength data observation/acquisition and a brief description of data reduction. A more detailed description of data acquisition and reduction can be found in Paper I and II.
Optical Data
In our sample, 17 galaxies were observed with the 2.16m telescope at Xinglong Observatory of the National Astronomical Observatories of the Chinese Academy of Sciences 2 during 2009-2010. The instrument we used was the BAO Faint Object Spectrograph and Camera (BFOSC), it had a Lick 2048×2048 CCD detector with a plate scale of 0. ′′ 305 pixel −1 and a field of view of ∼ 10 ′ × 10 ′ . The galaxies were imaged with broadband R filter and narrowband filters centered on the appropriately redshift Hα+[N ii] λλ6563, 6583 emission lines, the former images were used to subtract stellar continuum from the Hα+[N ii] images. The exposure time was typically 600s for R-band and 3000−3600s for Hα-band. The detailed information about the observation is listed in Table 2 .
The IRAF 3 package was used for data reduction. The reduction pipeline includes checking images, adding keywords to fits headers, subtracting overscan and bias, correcting bad pixels and flat-fielding, along with removing cosmic-rays. The flux calibration of broadband images was made using the standard stars selected from the Landolt fields (Landolt 1992) and observed with the corresponding filter on the same night. After sky subtraction, the scaled R-band images were subtracted from the aligned narrowband images to obtain continuum-free Hα+[N ii] line images, the scale factors were calculated using photometric count ratios of several (∼ 5) unsaturated field stars in both filter images. The narrowband images were flux calibrated based on the scale factors of R-band images and effective transmissions of narrowband and R-band filters. Comparing the calibrated Hα and R-band images indicates that there is ∼ 6% of Hα emission lost in the process of removing stellar continuum, while the contribution from [N ii] to the total Hα flux is typically of order 10% or less . Thus, the final images have spatial resolutions of ∼ 2 ′′ along with flux uncertainty of ∼ 10%.
In addition to our observations, optical data in R broadband and Hα narrowband filters were gathered in other previous studies, which are listed in Table 3 . Images of 16 galaxies from SINGS sample were obtained from the ancillary data of the legacy project, which were observed by the Kitt Peak National Observatory (KPNO) 2.1 m telescope and the Cerro Tololo Inter-American 2 http://www.xinglong-naoc.org/English/216.html 3 IRAF is the Image Reduction and Analysis Facility written and supported by the IRAF programming group at the National Optical Astronomy Observatories (NOAO) in Tucson, Arizona which is operated by AURA, Inc. under cooperative agreement with the National Science Foundation Observatory (CTIO) 1.5 m telescope. Images of 8 galaxies from LVL sample were obtained from the ancillary data of LVL project, as part of the precursor 11 Mpc Hα Survey . The optical data of other sample galaxies were derived from NED. The observations, data processing, flux calibration of the optical archival images were nicely matched the counterparts of our own data.
IR Data
To investigate the infrared properties of our sample, we retrieved the available archived Spitzer near/mid-IR data from SINGS and LVL Program Datasets, including the Infrared Array Camera (IRAC; Fazio et al. 2004 ) imaging data at 3.6, 4.5, 5.8, and 8.0 µm bands, as well as the Multiband Imager and Photometer for Spitzer (MIPS; Rieke et al. 2004 ) imaging data at 24 µm band. The images of IRAC each channel had a pixel scale of 0. ′′ 75, and the spatial resolutions of ∼ 2. ′′ 0, which are similar to those of optical Hα images. The MIPS at 24 µm images had a pixel scale of 1. ′′ 5, with the full width at half-maximum (FWHM) of ∼ 6. ′′ 0.
For our galaxies not from SINGS or LVL surveys, we obtained the Basic Calibrated Data (BCD) generated from the Spitzer data reduction pipeline, and then mosaicked them with the MOsaicker and Point source Extractor (MOPEX) software. The final images were produced with the same plate scales and similar spatial resolutions to the archived infrared data.
In images of IRAC 8.0 µm band, the flux is mainly from the polycyclic aromatic hydrocarbon (PAH) emission, dust-continuum emission (Pahre et al. 2004a,b) But there is the contribution of stellar continuum in this band. To remove the stellar contribution, the scaled IRAC 3.6 µm band images were used as the stellar continuum with the scale factor of 0.232 (Helou et al. 2004) , and were subtracted from 8.0 µm images. Hereafter we referred the continuum-free 8 µm dust emission as to 8µm(dust).
Image Decomposition and Bar characterization
We derive the structural parameters of bars, i.e., the length, ellipticity and strength, with structural decomposition of barred galaxies. The IRAC 3.6 µm images, whose the light is mainly coming from M and K giants (Sheth et al. 2010) , can nicely trace stellar mass distribution in nearby galaxies, although there is contamination from the 3.3 µm PAH, hot dust and intermediate-age stars (Meidt et al. 2012) . Therefore, we used the image-fitting code BUDDA v2.2 (de Souza et al. 2004; Gadotti 2008) to perform a two-dimensional (2-D) decomposition of 3.6 µm images in bar/bulge/disc stellar components. The present version of BUDDA allows us to decompose a galaxy into an exponential disk, a bulge with a Sérsic profile, and a bar (e.g., Kim et al. 2014 ). In the decomposition results, we obtain the galaxy structural parameters, such as the size, ellipticity and position angle (PA) of each structure, which were also used to define the regions of the bulge, bar and disk in one galaxy.
The structural parameters we obtain may be affected by inclination effects. To derive the intrinsic physical parameters, we make the corrections for the apparent values following the method of Martin (1995) . In Martin (1995) , the galaxy inclination i was defined with the axial ratio of the isophote 25 mag/arcsec 2 in B-band obtained from the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al. 1991) , and the assumption that the galaxy is intrinsically axisymmetric at large radii. Given that the bars are thin 2-D structures, the intrinsic axial ratio (b/a) bar and length r bar (the semi-major axis) of bars were calculated with the galaxy inclination and angles between the axes and line of nodes. Figure 3 compares the bar properties before and after correction. There is large correction on the axial ratio of bars, while there is excellent consistency between the length of bars. Figure 4 shows the distribution of the intrinsic bar lengths of the sample, both absolute and normalized. The latter is relative to the galaxy size R 25 , which is measured by the semi-major axis of the isophote at the brightness of 25 mag/arcsec 2 in B-band from RC3. The mean length of stellar bars is 5.2 kpc and 0.37 R 25 in early types, 2.2 kpc and 0.23 R 25 in late types, consistents with earlier studies (Erwin 2005; Menéndez-Delmestre et al. 2007 ).
Bar strength represents the ability of driving gas into galactic center, and is usually estimated by bar structural parameters, such as the ellipticity and length of the bar (e.g., Jogee et al. 2004; Laurikainen et al. 2007) . A more direct parameter is the gravitational torque Q g , which is the maximum relative tangential force in the bar region, normalized to the underlying mean axisymmetric force field (Buta & Block 2001) . Here, another bar strength parameter is used, it is defined following Abraham & Merrifield (2000) :
where (b/a) bar is the intrinsic axial ratio of the bar. The ellipticity-based parameter f bar has been used in many previous studies (e.g., Whyte et al. 2002; Aguerri et al. 2009) , and is proved to be well correlated with Q g Laurikainen et al. 2007 ). The right panel of Figure 4 shows the distribution of the bar strength f bar . Bars in early-type galaxies are clearly stronger then those in late-type galaxies. Besides the parameter f bar and bar torque, the normalized bar size r bar /r gal and the combination of bar ellipticity and boxiness ǫ × c were also used in Gadotti (2011) to estimate bar strength. We compare the two parameters with f bar in Figure 5 . This figure shows that f bar is well consistent with the other two parameters, especially ǫ × c, so it is used as the estimation of bar strength in the following analysis. Their values are also listed in Table 4 . (left) is indicated by the physical length of the bar semi-major axis, the normalized value (middle) is indicated by the ratio between the physical length of the bar semi-major axis and the galaxy radii at 25 mag/arcsec 2 , and the bar strength (right) is indicated by the ellipticity-based f bar parameter defined by Abraham & Merrifield (2000) . In each panel, two histograms are slightly offset in x-axis for purposes of clarity.
Relation between Galactic Star Formation Properties and Bars
Star formation activity is important feature in our galaxies. In our data of the sample, the Hα emission from ground-based observations and the 8 µm(dust) and 24 µm emission from Spitzer observations can be used as star formation tracers (Kennicutt 1998; Wu et al. 2005; Calzetti et al. 2007; Zhu et al. 2008; Kennicutt et al. 2009; Hao et al. 2011 ). To derive extinction-corrected SFR distribution, we used the combination of Hα and 8 µm(dust) emissions: the former measuring the ionization rate, and the latter tracing the dust-obscured component of the star formation. The calibration for the composite indicators is followed the form in Zhu et al. (2008) :
which adopts the Salpeter (1955) initial mass function (IMF) with a slope 2.35 for stellar masses in the range 0.1-100 M ⊙ .
In addition to the star formation activity, we also paid attention to the stellar mass of galaxies to derive the stellar properties. Here, the IRAC 3.6 µm emission is used as a proxy of the stellar mass, since its light is dominated by the photospheric emission from low-mass stars as mentioned above Hancock et al. 2007; Wu et al. 2007; Li et al. 2007 ). The calibration is from Zhu et al. (2010) 
which has proved to be a good stellar mass tracer compared with K s -band luminosity. Using these equations, we explored the correlation between the star formation activity and stellar bars in our galaxies.
Star Formation and Stellar Mass Distribution
In order to describe the global properties of the galaxies, we first obtained the mass images and SFR images by combining the relevant images based on Equation 3 and 2, respectively. All images are listed in Figure 1 , along with the distributions of stellar mass and star formation shown. Then we calculated the rotational asymmetry and concentration index of the mass and SFR images to quantify their distributions. The asymmetry describes how symmetric a galaxy system is, and the concentration parameter measures how compact the light distribution is. Both indexes are used to describe galaxy morphology in many studies (e.g., Bershady et al. 2000; Conselice et al. 2000; Abraham et al. 2003; Gil de Paz et al. 2007; Muñoz-Mateos et al. 2009 ). The former is calculated by comparing the original image of a galaxy with its rotated counterpart (the usual rotation angle is 180 • ). Here, we followed the method in Conselice et al. (2000) :
where I 0 is the intensity distribution in the original image and I 180 • is the intensity distribution in the rotated image with rotation angle of 180 • .
The concentration index is usually calculated by the ratio of two radii containing fixed fractions of the total flux in a galaxy. We adopt the index C 42 defined by Kent (1985) :
where r 80 and r 20 are the semi-major axes of the ellipses containing 80% and 20% of the total luminosity, respectively. The resulting structural indexes for the distributions of star formation and stellar mass in galaxies are listed in Table 4 .
In Figure 6 , we presented the results as a function of the bar strength f bar . The early-and latetype galaxies cover approximately the same range in f bar , while they have different distribution in morphological parameter spaces. To determine the correlation between two variables, Spearman's rho tests are made and the correlation coefficients are listed in each panel. The right panels of Figure 6 show the correlations between the stellar mass distribution and bar strength. In the whole sample, there are no clear trends between the morphological parameters (A mass and C 42,mass ) and bar strength f bar (Spearman's rho r A = -0.00 & 0.30, respectively). However, early-type galaxies show higher concentration index and lower asymmetry than late-type ones, which was also found by previous studies (e.g., Muñoz-Mateos et al. 2009 ). The results presented here show a downsizing signature of the formation of galactic structures (Cowie et al. 1996; Bundy et al. 2006; Sheth et al. 2008) , i.e., more concentrative galaxies mean more mature systems.
The left panels of Figure 6 present the variation in the distribution of star formation activity along bar strength. Similarly, no clear trend is found between them (Spearman's rho r A = -0.12 & 0.30, respectively). In general, star formation activity in early-type galaxies are less asymmetric and more concentrated than in late-type samples, while not always well distinguished. There are tens Figure 1 . In each panel, Spearman's rho tests are made to test the correlation between two variables, and the correlation coefficients are listed for the early-type (r E ), late-type (r L ), and whole sample (r A ) galaxies. The four panels use the same signals, red circles for early-type galaxies and blue crosses for late-type ones. of early-type galaxies which also have similar A SF R or C SF R as late-type ones, and most early-type galaxies with high C SF R are located in the high end of the bar strength. In addition, weaker bars have lower concentrical star formation activity in all type galaxies, while the star formation activity in the spirals with stronger bars would not always have high concentrical distribution, especially in early-type galaxies. This indicates that galaxies with similar bars can have differing distribution of their star formation activities.
Global Star Formation and that in Different Structural Components
In order to further explore possible relation between the star formation activity and stellar bars, we investigate the correlation between f bar and SFRs, SFR surface densities (Σ SF R ) and SSFRs in different galactic structural components, including bulges, bars and global galaxies. The regions of these structures are defined based on the decomposition results of the 3.6 µm images (see Sec. 3). Each galaxy is divided into three structural components: bulge, bar and outer disk. In one galaxy, three structures have no overlap regions, i.e., the outer disk region is obtained by subtracting the bar and bulge field in the galaxy, and the bar region is obtained by subtracting its central bulge field. The bulge regions are defined following the decomposition results, or the galactic central kpc regions if no bulges exist in the decomposition fitting. The inclination i of galaxies can lead to underestimate of the projected area of each galactic structures, and may affect the estimate of Σ SF R (SFR/area). Therefore, we correcte this variation included by the inclination using the method in Martin (1995) (see Sec. 3), and then calculate Σ SF R . The results are listed in Table 4 , and are plotted in Figure 7 .
First, the top panel of Figure 7 shows the SFRs as a function of the bar strength f bar . There are no clear trends of the SFRs in each structure with the bar strength, although weak trends are found where the SFRs in bulges increase towards higher bar strength along with large scatter (Spearman's rho r A = 0.29), similar with the result in Ellison et al. (2011) . Another finding is that the early-and late-type galaxies have different behaviors in the plot: (i) early-type galaxies have higher SFRs in each regions on average; and (ii) late-type ones are more various in the star formation properties, especially for intermediate-strength bars (f bar ∼ 0.2 -0.4). This may indicate that star formation is not a simple function of bar strength or bar-related factors, and it likely also depends on other factors (Sheth et al. 2002) .
Next, we compare the SFR densities and bar strength in the middle panel of Figure 7 . Similar to SFRs, the correlation coefficients are less than 0.2, indicating no clear trend of Σ SF R with f bar . In addition, there is no significant difference between early-and late-type galaxies in the distribution of Σ SF R . This suggests that galaxies of both types have similar Σ SF R , although their SFRs are different.
Lastly, we show the correlation between SSFR and bar strength in the bottom panel of Figure 7 . There is a remarkable difference between the two type galaxies: most late-type samples have the Fig. 7. -Relationship between bar strength and star formation activity in galaxies. From top to bottom, bar strength is compared with SFR, Σ SF R and SSFR in global galaxy (left), bulge (middle) and bar (right), respectively. Spearman's rho tests are made as in Figure 6 . The symbols are the same as in Figure 2 . SSFRs higher than 0.1 Gyr −1 , while most early-type ones have the SSFRs lower than 0.1 Gyr −1 . This trend is remarkable in the regions except bulges. The bulges have the largest scatter in the distribution of SSFRs, the highest SSFR is ∼ 10 Gyr −1 in one late-type galaxy (NGC 4654), while the lowest value is nearly 4 orders of magnitude lower than it.
Discussion
A series of analysis has been provided in this work to explore the correlations between stellar bars and star formation activities in galaxies, both sub-structures and galaxies as a whole. The analysis of these correlations constrains the effect of galactic bars to star formation, reveals the secular evolution as a complex process in barred galaxies, and not simple as previously assumed. In this section, we aim to discuss the possible reasons of star formation activity varying along stellar bars. Especially, we determine how the behaviors connect to the possible episodes of bar-driven secular process.
The Impact of Bars on Star Formation Activity
For barred galaxies in our sample, we had expected some evidence for enhanced star formation activity towards stronger bars. However, we find that there are no clear trends of the star formation properties along bar strength, except weak dependence on the bars for SFRs and Σ SF R in the bulges and global galaxies. Some previous studies also derived similar results. Using a control sample of disc galaxies, Ellison et al. (2011) compared SFRs between barred and unbarred galaxies, and found that there is no correlation between bar length or bar axial ratio and the enhancement of the SFR. Some earlier studies using far infrared emission as a proxy for SFR, also did not found definite evidence that stronger bars could result in higher SFRs (e.g., Pompea & Rieke 1990; Isobe & Feigelson 1992; Roussel et al. 2001 ).
But on the other hand, simulations indeed show that gas inflows driven by bars can enhance star formation activity in galactic central regions (e.g., Athanassoula et al. 2009 ). Gas being transported to the center by bars is also found in observations (Regan et al. 1995 (Regan et al. , 1999 Sheth et al. 2000; Zurita & Pérez 2008) . In addition, simulations prove that the efficiency of driving gas depends on bar strength, i.e., stronger bars are able to transport more material at a faster rate than weak bars (e.g., Athanassoula 1992; Regan & Teuben 2004) .
When focusing on different types of galaxies, we find that early-type galaxies have higher SFRs, but similar Σ SF R and lower SSFRs compared with late-type galaxies.This may be due to the differing episodes of bar-driven gas inflow and star formation in galaxies with different types. In different episodes, there are likely differing bar stages, bulge mass, gas contents, and other physical conditions, all of which may contribute to this process (Oh et al. 2012; Coelho & Gadotti 2011; Ellison et al. 2011; Melvin et al. 2014) . In late-type galaxies, stellar bars tend to be short, and bulges are usually small if exist, this is likely the early stage of bar-driven evolution. In this episode, the effect of bars are not pronounced, although there is sufficient gas in galactic disks. Within the process, the gas is reserved in the bar and galactic central regions, and then star formation activity would take place there, resulting in the growth of the stellar bar and bulge, along with the galaxy morphology changing. Therefore, we could expect the "mature" bars in early-type disks (Debattista et al. 2006; Giordano et al. 2011 ).
However, the various trends of star formation properties with bar strength suggest that other process is at play in reducing bar effect: (i) massive bulges can dilute the bar nonaxisymmetric forces (Das et al. 2003; Laurikainen et al. 2004 ), thus some early-type spirals may have weaker of bars than late-type systems (e.g., Laurikainen et al. 2002) ; (ii) the amount of gas content may be not sufficient after consumed by star formation in the previous process. Using CO observations, Sheth et al. (2005) found that six early-type barred spirals have very little molecular gas detected in bars and nuclear regions due to consuming of star formation. Therefore, early-type systems may have similar or lower Σ SF R in their bars and central regions compared with late-type ones (Figure 7) . Furthermore, these probabilities are likely the reasons why various star formation properties are associated with the intermediate-strength bars. In these bars, some may be in the development from weak to strong, and others with similar strength may be weakened by the massive bulges, although they were once strong. Besides these factors, the difference between the time-scales of bar evolution and star formation can also contribute to the complex of the process (Roussel et al. 2001) . It is likely that the lifetime of large-scale stellar bars are long enough to allow multiple episodes of central star formation, which can interpret that why some early-type bulges have lower SSFRs (Figure 7 ).
The Bar-driven Secular Evolution
As mentioned above, the bar-driven secular evolution is a complex process and is likely composed of a series of stages. There has been substantial progress in the scenarios of secular evolution based on simulation evidences and observational results (e.g., Martin & Friedli 1997; Combes 2000; Bournaud & Combes 2002 ). In the evolution process, numerous episodes of bar-driven gas inflow and star formation may take place, along with the growth, destruction, and re-formation of stellar bars (Combes 2009 ).
In one simple scenario, various stages of evolution can also be divided based on the changing properties of star formation activity and gas content in galaxies. Using properties of Hα emission in barred galaxies, Verley et al. (2007) classified them into three main groups, in which Hα emission is mainly located in stellar bars, galactic central regions, and spiral arms, respectively. They suggested these groups as different stages of an evolution process, similar to the trend proposed by Martin & Friedli (1997) , but more detailed. Based on the properties of circumnuclear gas and star formation, Jogee et al. (2005) projected a possible picture of bar-driven dynamical evolution, where the evolution process of barred galaxies was divided into three stages (i.e., type I non-starburst, type II nonstarburst, and circumnuclear starburst). In the three stages, large amounts of gas is transformed from stellar bars to galactic central regions step by step, along with the star formation activity in bars and central regions. To complement this picture, Sheth et al. (2005) supplemented a poststarburst phase, i.e., type III non-starburst, where the gas has been consumed by circumnuclear starburst, with no molecular gas in the bar region.
Given the above evolution pictures, molecular gas is transported from galactic disks to bulges though stellar bars, resulting the rearrangement of material in the three galactic structures. Since star formation activity is correlated with the local gas density (Kennicutt 1998) , the properties of star formation activity in bulges are likely associated with those in bars and disks. In addition, star formation activity in barred galaxies, especially in bulges, can change the galactic morphological properties (e.g., the asymmetry and concentration). To explore the correlations between them, we compared the star formation parameters of bulges, bars and disks in our sample. Figure 8 illustrates the correlations between the SFRs, Σ SF R , and SSFRs in three galactic structures, along with the ratio lines from 10 −2 to 10 2 plotted. We find barred galaxies with more active star formation in bars tend to have more active star formation in bulges, with similar correlation between bars and disks. It is worth noting that most SFRs in bars are 0.1 to 10 times of those in bulges, while the ratios of Σ SF R in bars and bulges are in the range of 0.01 to 1, one magnitude lower than the SFR ratios. In addition, the SFR densities in disks are in general 0.01 times of those in bulges. The enhanced star formation in bulges indicates the effect of bar-driven internal evolution, which can make the morphological properties vary with star formation activity in galaxies.
Combining the above evolution scenarios and observational results, we derive a possible criterion to quantify the different stages of an evolutionary sequence in Figure 9 . In this figure, we use concentration index of the global SFR in galaxy, C 42,SF R , and the ratio of Σ SF R in bulge and in bar,
, as the estimated parameters, and divide the parameter space to six fields (from a to f) as follows.
a:
This field is likely the early stage of bar-driven gas flow, where a considerable fraction of the star formation activity are located in galactic outer disks, and bars have more active star formation than bulges. This stage is earlier than Type I Non Starburst in Jogee et al. (2005) , because most gas is still in the outer disks.
This is the second stage, where the gas density in bulges are higher than that in bars along with the gas inflow. Galaxies begin to have higher active star formation densities in bulges than those in bars, while the ratio is not larger than 10, and C 42,SF R is still lower than 4, indicating a nonnegligible fraction of gas content is still in the disks. 
After most molecular gas has flowed into the galactic central regions, there are stages c and d. Field c is earlier in the process, corresponding to the later stage of Type II Non Starburst in Jogee et al. (2005) , where galaxies either have low SFR concentration C 42,SF R , or have the ratio of SFR densities not high enough. Then as the intense star formation activity take place in bulges, galaxies in d may have most of star formation activity concentrated in their central regions, and also consume most of gas there, similar to the stage of Circurmnuclear Starburst in Jogee et al. (2005) .
e and f have Σ SF R bulge Σ SF R bar lower than 10 but C 42,SF R larger than 4. There are very few galaxies located in the two fields. Given our assumption, galaxies with low
are probably in the stages before circumnuclear starburst, where galaxies should have low SFR concentration. However, if Fig. 9. -Comparison of the ratio of bulge-to-bar Σ SF R with the concentration index of SFR image. This plot is used as a criterion to quantify the different stages of an bar-driven evolutionary sequence (marked with arrows from a to d). See text for detail. The arrows show an possible sequence of evolution. Five galaxies are marked specially in the plot, they are mentioned in the text or studied in our previous works (Zhou et al. 2011 (Zhou et al. , 2012 . The symbols are the same as in Figure 2 .
there are other factors at play (such as galaxy interactions), which can promote the process of bar-driven gas inflow, large fraction of molecular gas can be concentrated in the bars and bulges of galaxies even when they are still in the early stage of bar-driven process. For example, NGC 6701 (in Field e), is apparent as isolated, but has been proved a produce of interactions based on its morphological and kinematical features (Marquez et al. 1996) . Similarly, NGC 7798 in Field e may be also in galaxy pairs and is affected by interactions (Chengalur et al. 1993) . The resulting stages for our sample are listed in Table 4 .
It is noted that our scenario just presents a rough criterion with uncertainties. For example, NGC 7479 is located in Stage c in this scenario, while is suggested in the type I non-starburst evolutionary phase under the effect of a minor merger (Paper I). As discussed in Sec. 5.1, bardriven secular evolution is a complex process, and many factors may contribute to it. To resolve this issue, more detailed observations and analysis of barred spirals are needed, along with statistical studies of large samples (e.g., using SDSS barred galaxies, Wang et al. in prep.) .
Summary
We present a study of bar-driven secular evolution from a sample of 50 nearby barred galaxies with weak and strong stellar bars. In this study, we characterize the bars using image decomposition, and estimate bar strength using ellipticity-based parameter f bar . Based on multi-wavelength photometry, we derive the properties of star formation activity in different stellar structures, and explore the correlations between these properties and stellar bars. The main results are as follows.
1. We use the image-fitting code BUDDA to perform a 2D decomposition of 3.6 µm images in bar/bulge/disc components, and obtaine the structural parameters of stellar bars. Most bars in our sample are detected less than 9 kpc, and the bars in early-type spirals are in general longer in physical and normalized lengths, and stronger in strength than those in late-type ones.
2. We calculate the rotational asymmetry A and concentration index C 42 to quantify the distributions of star formation activity and stellar mass in galaxies. These parameters are compared with bar strength, while no clear trends are found. We find that early-type galaxies have higher concentration index and lower asymmetry in both SFR and stellar mass distribution than the latetype ones. Weak bars tend to associate with low concentrical star formation activity, while strong bars appear to have large scatter in the distribution of star formation activity.
3. The correlations are explored between bar strength and SFRs, Σ SF R and SSFRs in bulges and bars, as well as the global galaxies, while only weak positive trends are found between star formation activity in bulges and the bar strength along with large scatter. In addition, the earlyand late-type galaxies have discernible differences in their SFRs and SSFRs, but have similar Σ SF R .
4.
Comparing with previous studies, we suggest that the differing galaxy types, stellar mass distribution, and episodes of bar-driven gas inflow may contribute to the complex of the bar-driven secular evolution, which can interpret why there are no visual trends between the parameters of star formation and bar strength.
5.We find evident correlations between the star formation activity in different galactic structures, i.e., barred galaxies with intense star formation in bars tend to have active star formation in their bulges and disks, indicating the bar-driven process in galaxies.
Finally, to quantify the different stages of the process, we derived a possible criterion using the ratio of Σ SF R in bulge and bar, and the concentration index of the galactic global SFR as the estimated parameters. While uncertainties exist because of the contribution of other factors besides stellar bars, future works are needed to explore this issue. Kennicutt et al. (2003) ; (2) Lee et al. (2008) ; (3) Note.
-(1) Galaxy name. (2) Bar strength estimated using Eq. 1. (3,4) The concentration and asymmetry index for the star formation distribution in one galaxy, described in Sec. 4.1. (5,6) The concentration and asymmetry index for the stellar mass distribution in one galaxy, described in Sec. 4.1. (7-15) The star formation rate, surface density of star formation rate and specific star formation rate for the galaxy as an entirety, bulge and bar, respectively, calculated as in Sec 4.2. (16) The stage in bar-driven evolutionary sequence, estimated from the position in Figure 9 and described in Sec. 5.2.
